We report on the fabrication of diffraction gratings for application as back contact reflectors. The gratings are designed for thin-film solar cells incorporating absorbers with bandgap slightly lower than GaAs, i.e. InAs quantum dot or GaInNAs solar cells. Light trapping in the solar cells enables the increase of the absorption leading to higher short circuit current densities and higher efficiencies. We study metal/polymer back reflectors with halfsphere, blazed, and pyramid gratings, which were fabricated either by photolithography or by nanoimprint lithography. The gratings are compared in terms of the total and the specular reflectance, which determine their diffraction capabilities, i.e. the feature responsible for increasing the absorption. The pyramid grating showed the highest diffuse reflection of light compared to the half-sphere structure and the blazed grating. The diffraction efficiency measurements were in agreement with the numerical simulations. The validated model enables designing such metal/polymer back reflectors for other type of solar cells by refining the optimal dimensions of the gratings for different wavelength ranges. 647-648 (1974 
Introduction
Owing to their high power-to-weight ratio, radiation durability, and high efficiency, III-V solar cells are the solution of choice for space solar power applications. Multi-junction solar cells have shown efficiencies of over 30% under AM0 spectrum [1] . Further improvements are expected by employing lattice-matched Ga 1-x In x N y As 1-y sub-junctions grown by molecular beam epitaxy (MBE) [2] [3] [4] . The main advantage offered by GaInNAs is the ability to tailor the bandgap in the range from approximately 0.8 eV to 1.42 eV, while remaining latticematched to GaAs and Ge. However, at high N compositions (y ≥ 0.04) required for bandgaps below 0.9 eV, the photovoltaic properties of GaInNAs solar cells typically degrade due to relatively high p-type background doping level and short minority carrier diffusion lengths (<1 µm) [5] [6] [7] . High background doping level narrows the depletion region, which together with the short diffusion length limits the thickness of the absorption layer, resulting in lower quantum efficieny [6] [7] [8] [9] . This can be alleviated by reducing the thickness of the absorber but then employing light trapping techniques for boosting up the carrier generation [10] . In general, when employing the light management, the physical thickness of the absorption layer can be reduced without sacrificing the current generation [11] .
Another promising approach is represented by III-V quantum dot solar cells (QDSCs), where QDs will increase the short circuit current density (Jsc) of the GaAs solar cell [12, 13] . QDSCs are promising devices both for bandgap tuning in multijunction cells and for realizing intermediate band solar cells (IBSCs) [14] . IBSCs may overcome the efficiency limit of single-gap cells through the absorption of two below-gap photons corresponding to interband and intraband optical transitions (which roughly set in the near-infrared and mid-infrared ranges) enabled by the nanostructured material. Under such conditions, increased photon harvesting is attained maintaining a high open circuit voltage. However, light absorption in the QD sheets is relatively low [15] , which can again be mitigated by designs providing light trapping, as for example in the thin-film QDSC presented in Fig. 1 .
Employing light trapping with substrate removal provides means for flexible, thinner, and lighter devices with high power-to-weight ratio. This approach enables fabrication of very thin solar cells, which would be beneficial e.g. for space and unmanned aerial vehicle applications [16, 17] . As the simplest approach for improving the absorption, highly reflective planar back reflectors could effectively double the length of the optical path, increasing the J sc . This approach has been demonstrated for GaAs solar cells [18] , GaInNAs solar cells [10] , and QDSCs [13] . The length of the optical path can be increased even more with a back reflector grating that induce light diffraction, of which various approaches have been published [19] [20] [21] . In connection with the III-V solar cells, we note for the recent work introducing nanostructures in GaAs solar cells [22] .
Here, we concentrate on grating types with periods larger than the wavelength in order to have wider wavelength range in which the performance of the diffractive gratings is optimal. When the gratings are directly structured into the semiconductor, parasitic losses may occur due to surface plasmon effect resulting from the large microstructured interface area between the semiconductor and the metal [19] . However, one can use an interlayer between the semiconductor and the metal to alleviate the parasitic losses [23] . In this paper, we compare the diffraction properties of various backside gratings fabricated either by photolithography or by nanoimprint lithography (NIL) onto a polymer. Photolithography was used as a fabrication method for photoresists and NIL was used for NIL photoresist deposited on GaAs. To study the diffraction properties of the gratings, semi-insulating GaAs (SI-GaAs) was used as a substrate, since it is almost transparent for wavelengths above 900 nm. Thus, the comparison of the gratings using reflectance measurements is possible. The gratings were optimized for light trapping at the wavelengths corresponding to the energies slightly below the bandgap of GaAs. In particular, the gratings are designed for enhancing interband transitions of typical InAs/GaAs QDSCs in the wavelength range of 900 nm -1200 nm [13, 24] . While this is sufficient for optimizing QDSCs working in the single-gap limit [13] , the ideas presented in this work should be further developed to devise suitable strategies for the simultaneous enhancement of QD intersubband transitions, involving longer wavelengths [15, 25] . In this study, different structures were simulated and fabricated for assessing diffraction efficiencies and their dependence on the design features. Musu et al. [26] and Elsehrawy et al. [21] have simulated the gratings for the back reflector structures to find the optimum dimensions for absorption near the GaAs absorption edge. According to these simulations, the maximum photocurrent is achieved when the height/period aspect ratio is 0.32-0.38, which was employed to fabricate the gratings in this work. As substrate, we used double-sided polished SI-GaAs with a thickness of 350 µm. Single-layer SiN x antireflection coatings (ARCs) were deposited by plasma enhanced chemical vapor deposition on both sides of the substrate. The front ARC was optimized to minimize the reflectance at the air/GaAs interface, while the backside ARC was optimized to minimize the reflectance at the GaAs/polymer interface. The properties of the SiN x layers were tuned by varying the process parameters such as NH 3 and SiH 4 gas flows and deposition time. The ARC thicknesses and refractive indices are presented in Fig. 2 , which also introduces the three structures and the planar references.
Design and experiments

Half-sphere grating
In the first approach, the photonic grating was fabricated by photolithography using a commercial epoxy based negative photoresist, SU-8 (MicroChem Corp.), which is commonly used in the electronic industry. SU-8 is chemically and mechanically stable and has low absorbance at least in the wavelength range from 400 nm to 1600 nm [27] . A sample with the planar SU-8 layer, shown in Fig. 2(a) , was used as reference. A photolithography mask with the square openings of size 2 × 2 µm 2 and with 3 µm periodicity was used to obtain the desired half-sphere structure by varying photolithography process parameters, such as spin coating speed, exposure time, and baking temperatures. The fabricated half-spheres have height of 1.1 µm and period of 3 µm. The schematic drawing of the half-sphere grating is presented in Fig. 2(b) . To realize the reflector, 200 nm Ag was deposited using electron beam evaporation on top of the polymer layer.
Blazed grating and pyramid grating
In the second and the third approach, a commercial OrmoComp NIL photoresist (Micro Resist Technology GmbH) [28] was used for two different microstructures: blazed grating in Fig. 2(c) , and pyramid grating in Fig. 2(d) . A commercial master (Thorlabs) and an in-house fabricated Si master were used for the blazed grating and the pyramid grating, respectively. The Si master was fabricated in two steps. First, the structure was patterned with electron beam lithography and transferred into Si by anisotropic wet etching. With this, pyramids were obtained, but the height and the aspect ratio of the pyramids were not appropriate. In order to achieve the required dimensions, the pattern was imprinted onto NIL photoresist and dry etched with desired selectivity into another Si wafer, leading to the final master. In the NIL processes, the gratings from the masters were transferred into polydimethylsiloxane stamps, which were used for imprinting the gratings into the NIL photoresist. The fabricated blazed grating has height of 1.2 µm and period of 3.2 µm and the pyramid grating has height of 700 nm and period of 2.5 µm. On top of the polymer layer, 200 nm Ag was deposited using electron beam evaporation.
Characterization of the gratings
The gratings were characterized with a Wyko NT1100 optical profilometer (Veeco Instruments Inc.) and with a scanning electron microscope (SEM) (Ultra-55, Carl Zeiss). The specular reflectance at 8° incident angle was measured with a PerkinElmer Lambda 1050 spectrophotometer. In addition, the total reflectance was measured with the integrating sphere module of the spectrophotometer. The diffuse reflectance can be retrieved by comparing the specular reflectance and the total reflectance. All the measurements were conducted through the SI-GaAs wafer and the performance of the back reflectors were evaluated at the wavelengths for which SI-GaAs is transparent.
To quantify the amount of diffracted light, the spectral diffraction efficiency was measured at diffraction orders of m = 0, ± 1, and ± 2. This measurement was carried out by variable angle measurement technique where the sample is illuminated by a white light beam at an incident angle of 8°. Diffracted light is collected at variable angles from 8° to 48° with an optical fiber connected to a spectrometer. As a result, the diffraction efficiency is defined as the diffracted power divided by the incident power. With our system, only the diffraction orders within the escape cone of the SI-GaAs wafer can be measured.
Simulations
The grating structures were simulated using the rigorous coupled-wave analysis method (RCWA) with the RSoft DiffractMOD software (Synopsys) and the planar structures were analyzed with transfer-matrix method. The gratings exhibit both 2D (linear gratings) and 3D (crossed gratings) configurations. In the 2D simulations, the results are an average of the TE and TM polarizations for each of the diffraction orders. In the 3D case, the gratings are symmetric and therefore both polarizations are equal for the direct angle of incidence.
The simulated gratings have the nominal geometrical features, i.e. flattening and rounding of the grating shape due to processing imperfections were not taken into account in the simulations. Numerically, the grating structure is approximated by a layered geometry with a spatial resolution of 70-75 nm. All the presented simulations use 10 harmonics for each inplane direction. The optical model for GaAs is obtained from [29] and for Ag from [30] , while constant real refractive indices are used for the ARC layers (see values in Fig. 2 ) and the polymers (n = 1.51).
One limitation of the RCWA method lies in the simulation of structures thicker than the coherence length of sunlight (~1 µm), because fictitious interference effects cause highfrequency noise [31] . Such artifacts can be eliminated by using e.g. the methodology presented in [31] . In this work, the results were obtained by varying the substrate thickness of ± 5 µm in 5 steps and averaging across the simulations. Further reduction of interference effects was then achieved by averaging the calculated reflectance spectra and diffraction efficiency over 10 nm wavelength interval. Figure 3 shows the structural details of the three experimental structures: half-sphere, blazed grating, and pyramid grating. The top of the half-sphere appeared slightly flattened, as shown in the optical profilometer measurement in Fig. 3(a) . The SEM images of the pyramid grating, presented in Fig. 3(c) and 3(d) , are taken from the back surface of the sample where 200 nm Ag is evaporated, whereas the blazed grating image in Fig. 3(b) is the cross-section of the polymer without Ag. The pyramid grating shows flattened peak. This was already observed in the Si master, which means that the transfer of the pattern was successful and the flattening is due to the Si master.
Results and discussion
Half-sphere grating results
The reflectance measurement results of the half-sphere grating are presented in Fig. 4 , where the difference between the total and the specular reflectance represents the diffuse reflectance. A strong interband absorption of light into SI-GaAs is observed in the wavelengths below 900 nm, as expected. The half-sphere grating shows high diffuse reflectance, which is desired for diffraction gratings. However, a local maximum in the specular reflectance is observed, decreasing the diffuse reflectance at the target wavelength range of 950nm-1150 nm. The planar structures used as reference showed high specular reflectance and ~10% higher total reflectance. This difference is possibly originating from the diffuse reflectance, which may occur also at planar surfaces due to scattering. Figure 5 shows the measured and the 2D simulated diffraction efficiency of the halfsphere structure. The results show good correlation between measurements and simulations. Significant power coupling to the first two diffraction orders is observed. In addition, the measured diffraction efficiency of the zero order is in agreement with the specular reflectance measurements presented in Fig. 4 . 
Blazed grating and pyramid structure results
The reflectance measurements of the blazed grating and the pyramid grating are compared in Fig. 6(a) . According to the measurements, the pyramid grating shows the highest diffuse reflectance when compared to the blazed grating or the half-sphere structure. Also, the blazed grating showed low specular reflectance, which is beneficial for high diffraction of light.
However, the total reflectance of the blazed grating was reduced compared to the pyramid grating. This means that there are some extra losses in the structure, potentially originating from the surface plasmon resonance (SPR) in the metal reflector. This behavior can be seen also in the simulations in Fig. 6(b) . The simulated total reflectance for both the blazed grating and the pyramid grating is approximately 10 percentage points lower than the measured total reflectance, since simulations are probably overestimating the losses in the structured metallic reflector. In fact, the analysis of the calculated distribution of absorbed photon density (not shown here) pointed out large optical loss at the polymer/metal interface of the patterned structures, whereas marginal optical loss was observed in the reflector of the planar structure. The lower loss observed in the experiments could be attributed to a reduction of the SPR effect owing to the flattening of the fabricated structures with respect to the nominal ones. Moreover, some inaccuracy might originate also from the simple optical model adopted for the SiNx and polymer layers. Despite this, an overall good agreement between the measured and the simulated trends is achieved, supporting the conclusions of the diffractive properties of the structures. As a final remark, for the planar reflector, the simulated total reflectance curve is flat, whereas the measured one is increasing towards higher wavelengths. This difference mostly arises from the residual absorption into SI-GaAs. From transmittance measurements across the SI-GaAs wafer, an extinction coefficient k~6 × 10 −6 was estimated, whereas the adopted GaAs optical model [29] uses k = 1 × 10 −6 above 890 nm. To display the limits imposed by the layer structure and the ARC, the front surface reflectance was simulated and is presented in Fig. 6(b) . The single-layer ARC on top of the samples was designed to have the lowest reflectance at the wavelength of 900 nm. This means that part of light is reflected already from the surface of the sample without reaching the diffraction grating, increasing the measured specular reflectance. The diffraction efficiency results of the blazed grating are presented in Fig. 7 . Since the grating is asymmetric, the diffraction orders are not symmetric along the xz-plane, which is well observed at m = ± 1 and m = ± 2 diffraction orders. In addition, at m = 0, a small difference between the 8° and −8° angles of incident light is observed, due to the asymmetric grating. This difference seems to be negligible in the corresponding specular reflectance measurement shown Fig. 6(a) , possibly due to the accuracy of the measurement. The diffraction orders of m = 0, + 1, and + 2 in the 2D simulations shown in Fig. 7(b) are supporting the measurements, even though they are not perfectly matching. In particular, simulations predict low frequency oscillations of the m = 0 spectrum, which were not observed in the experiments. Such oscillations could be attributed to the onset of a FabryPerot cavity effect in the polymer layer. The wavelength period (about 75-80 nm at λ = 1050 nm) is in fact well correlated with the polymer thickness and the oscillations were mainly visible in the TE polarization, which suffers less for the optical loss at the polymer/metal interface. On the other hand, such interference effects are not visible in the experimental data due to the non-uniformity of the fabricated polymer layer. The diffraction efficiency results for the pyramid grating are presented in Fig. 8 . In the measurements, power coupling to the first diffraction order is observed. The second diffraction order was not observed in the measurements, since they were performed up to 48° angle, where m = 2 is not yet present. However, according to the simulations, there is power coupling also to the second diffraction order. Furthermore, the m = 0 diffraction order is well in line with the specular reflectance results, presented in Fig. 6(a) . 
Thin-film QD solar cell simulations
Implementing the studied metal/polymer back reflectors in a thin-film QD solar cell can provide significant enhancement of the QD photogenerated current. As an example we can consider a QDSC structure with 2.6 µm thick GaAs active region embedding a stack of 20 InAs/GaAs QD layers with overall thickness of about 400 nm [21, 26] . The structure includes top and bottom ARC layers similar to those reported in Fig. 2 . Further details on the structure can be found in [21] . The QD stack's optical model was extracted from the external quantum efficiency measurements in [13] . Figure 9 shows the calculated absorbance spectrum for the QDSC in the substrate-based configuration and for two thin-film configurations, one with planar backside reflector and one integrating the pyramid backside grating described in Sec.
3.2. The grating has period of 3 µm and height of 0.75 µm and is terminated by a 200 nm thick Ag mirror. The absorbance spectrum is calculated by integrating the absorbed photon density only in the cell active region (i.e. low-doped GaAs and QD stack), and thus is not affected by optical loss in the contact and metal layers. The pyramid grating shows a significant increase of absorbance in the QD wavelength region with respect to the reference structures. The corresponding QD photocurrent density is calculated by integrating the absorbance over the AM1.5G sun spectrum in the 895 nm -1200 nm range. The photocurrent per QD layer turns to be about 0.024 mA/cm 2 , 0.038 mA/cm 2 , and 0.095 mA/cm 2 for the substrate-based, thin-film with planar reflector and polymer/metal backside grating configurations, respectively. Therefore, the light trapping scheme allows for a four times increase of the current density from the quantum dot stack. This is a remarkable result if one considers the technological effort in terms of the epitaxial growth needed to increase by a factor of four the number of QD layers or the QD areal density. As reported in [13, 26] , further optimization of the structure and e.g. the use of higher index materials for the grating could yield even higher current enhancement. 
Conclusions
We studied structured metal/polymer back reflectors for the III-V solar cells with the halfsphere gratings, the blazed grating, and the pyramid grating. Efficient diffraction of light was observed for all the structures, indicating potential for improving the absorption and hence the current generation in thin-film solar cells. The pyramid grating showed the highest diffuse reflectance in the wavelengths corresponding to the photogeneration in GaInNAs solar cells and InAs/GaAs QDSCs. The microstructures can be applied to other types of solar cells by tuning the dimensions of the polymer structure to match the required wavelength range. 
